INTRODUCTION
Successful recruitment of liquid-filled airways is a process of fundamental importance in human respiration, from the first breath onwards, and is critical in the treatment of conditions such as infant or acute respiratory distress syndrome (IRDS or ARDS). It is of particular current interest in the context of ARDS, where atelectrauma (damage to airway epithelium through the repeated opening and closing of airways and alveoli (9, 13, 43) ), volutrauma (airway over-distension (56, 58)) and biotrauma (inflammatory airway insult secondary to mechanical injury) are candidate mechanisms of ventilator-induced lung injury (VILI) (49, 53) . Mechanisms of atelectrauma, for example, involve processes interacting over widely varying length-scales: at the scale of the whole lung (involving forced inflation of a heterogeneous airway network); at the scale of an individual airway (where surface tension, airway compliance and airway liquid viscosity are significant); at the scale of an airway epithelial cell (deforming in response to its local mechanical environment); and at the scale of individual molecules (for example epithelial-cell mechanosensors such as stretch-activated ion channels). Mathematical and computational models provide powerful tools with which to integrate descriptions of processes operating across such disparate scales. This paper seeks to contribute to the development of a theoretical framework for airway recruitment and specifically aims to provide insights into the mechanism of epithelial cell deformation during surfactantmediated airway reopening, a process of relevance to atelectrauma and volutrauma.
We wish to develop an improved theoretical description of the inflation of an individual airway, building on Macklem et al.'s (38) description of the reopening process as the peeling apart of the walls of a collapsed liquid-lined airway. Through a series of bench-top experiments (16, 47, 48) , animal studies (45, 62) and theoretical models (15, 33, 44, 61), Gaver and co-workers have made significant advances in this direction by investigating the mechanism whereby a bubble of air propagates into a flexible-walled airway, modelled physically as a compliant liquid-filled channel or tube, when viscous forces and surface tension initially hold the walls of the airway in apposition.
Experiments and theoretical models involving bubble motion in a flexible channel or tube (in both two and three dimensions (26)) demonstrate that a critical pressure must be exceeded for the bubble to advance steadily along an initially liquid-filled tube. As the tube walls are peeled apart, with the tube under large longitudinal tension, the largest stresses on the tube wall can be transient normal (rather than shear) stresses (15, 33) .
Parallel studies have considered an alternative mode of reopening, following occlusion of the airway by a short liquid plug (22, 46) . Displacement of the plug by an imposed pressure gradient can cause the moving plug to deposit fluid on the airway wall and thereby shrink in volume (28, 60), until it either ruptures or forms a foam-like lamella.
The relative importance of these different modes of airway recruitment is an area of current debate (30, 50) .
Surfactant is important clinically in facilitating airway recruitment, particularly during surfactant replacement therapy (SRT) for IRDS (20); likewise, surfactant dysfunction in ARDS can induce lung injury (54, 55). However, the biomechanical function of surfactant at the airway level is not fully understood. The one previous theoretical study addressing the role of surfactant in a deformable reopening airway predicted only modest reductions in reopening pressures (61), partly because the technical challenges of coupling descriptions of surfactant physical chemistry, complex flow fields and deforming interfaces necessitated some restrictive modelling assumptions.
We seek to relax these assumptions here. We will also exploit significant advances that have recently been made in assessing the effects of artificial lung surfactants on bubble motion in rigid tubes or channels (17) (18) (19) . These experimental and theoretical studies have established relationships between surfactant properties (bulk and surface diffusion, adsorption and desorption rates, surface-tension reduction) and physical flow parameters (such as the thickness of the film deposited behind an advancing bubble, and the pressure drop required to displace a bubble along the tube). Complementing these studies are the first in vitro experiments directly relating epithelial cell damage to the passage of a meniscus along a rigid channel (4, 35) . These studies employed a parallel-plate flow chamber, on one wall of which was a layer of cultured epithelial cells. Cell injury was shown to be more prominent at low bubble speeds (an effect that correlated with pressure gradient, not exposure duration) and injury was reduced in the presence of surfactant.
Because these studies took no account of wall flexibility, they did not allow either for cell-substrate stretching or for the large normal stresses that may arise when a deformable airway is peeled open.
The present study has two specific objectives. First, we will present a new theoretical model for the reopening of a pulmonary airway that integrates key findings from a computational model of surfactant transport around a bubble in a rigid tube (17, 18) into an existing theoretical model for bubble propagation in a flexible tube (33) in a systematic but tractable fashion. The resulting model predicts substantial reductions in airway reopening pressures for a physiologically-relevant surfactant (Infasurf) and clarifies some of the factors (such as the degree of initial airway collapse) enabling this to occur. Second, complementing experimental studies (4, 35) , we will extend our theoretical model to predict the likely time-and space-dependent strains experienced by epithelial cells lining a deformable airway as it is inflated by an advancing bubble. This allows us to assess the relative effects of airway stretch (potentially leading to volutrauma) and flow-induced stresses (potentially leading to atelectrauma) and to assess the roles of surfactant and cell compressibility in mediating the resulting cellular strains.
METHODS
We consider the physical model illustrated in Fig. 1(a) , which is a representation of an idealized airway. A long air bubble is blown at prescribed pressure p b into a flexible tube that is collapsed and liquid-filled at one end. We assume that the bubble advances at a steady speed U, leaving a thin film of liquid on the wall of the inflated section of tube.
The tube in the physical model is assumed to remain axisymmetric, whereas a real airway may buckle into a non-axisymmetric configuration when compressed (36) . We bypass such geometrical complications for the present by regarding physical quantities (such as the tube radius R(x), where x measures distance along the axis of the tube) as representative of the mean airway radius averaged around the tube cross section. (We shall account explicitly below for wall buckling by assuming that the airway perimeter is unchanged when the airway is under compression, although we recognize that, in the interests of obtaining a tractable model, other aspects of buckling must be neglected.
However, previous studies of airway reopening accounting explicitly for buckling (26) show that cross-sectionally-averaged models capture well the dominant features of reopening.) The transmural pressure p (the liquid pressure at the tube wall minus that outside) is assumed to depend on the tube radius R(x) through
where E is a stiffness parameter, R 1 is the radius of the unstressed tube and T is the longitudinal tension in the tube wall. The nonlinear function F(z) =z 5 -z -0.8 (see Fig. 1(b) ) is a "tube law" that represents the overall mechanical properties of the airway wall. It accounts for variations in airway compliance with radius and particularly for airway stiffening on inflation (34). In the final term in Eq. 1, representing longitudinal tension, the subscript x denotes a derivative. This relatively crude representation of threedimensional airway mechanics is ad hoc but its effectiveness in the present context is supported by good qualitative agreement between previous two-dimensional (15) and three-dimensional (26) airway-reopening studies. For simplicity we consider here a single airway, ignoring geometrical effects such as bifurcations and distal gas trapping.
We work in the frame of reference of the advancing bubble tip, which we assume lies at x=0, so that the airway wall moves past it with speed U in the -x direction. Far ahead of the bubble the tube is collapsed with R=R 0 <R 1 and the liquid is stationary with respect to tube walls; far behind the bubble tip the airway is inflated and the liquid is again assumed stationary with respect to the tube walls. The degree of initial tube collapse is measured by the parameter ζ=R 0 /R 1 . The bulk surfactant concentration far ahead of the bubble is assumed to have a uniform steady value C 0 . In the absence of surfactant, the air-liquid interface has a surface tension γ clean . The surface tension of the interface if it is allowed to come into equilibrium with C 0 is denoted γ eq (≤ γ clean ). When C 0 exceeds a critical bulk concentration C CBC , γ eq takes its minimum value γ sat . We will make use of the relationship (given in (19) and illustrated in Fig. 2 ) between γ eq and C 0 for Infasurf, a natural surfactant containing surfactant-associated proteins SP-B and SP-C.
We wish to determine the relationship between p b and U in terms of the airway's mechanical properties (represented by E, T and F in Eq. 1), fluid properties (represented by a viscosity µ) and the physicochemical properties of the surfactant. Our modeling framework (described in APPENDIX A) rests on the assumption that airway wall slopes are uniformly small, i.e. |R x |<<1, and allows us to exploit the recent experimental and theoretical results of for the motion of a bubble in a rigid tube in the presence of a range of surfactants, including Infasurf. The complex surfactant properties may be distilled into the dependence of two functions on C 0 : the thickness λR T of the film deposited on the tube wall behind the advancing bubble, where R T (=R(0), see Fig. 1(a) ) is the tube radius at the bubble tip; and the corresponding pressure drop γ eq Π/ R T across the bubble tip. This pressure drop has two dominant contributions: one arises from the capillary pressure drop across a curved interface (as described by the Young-Laplace equation) and is present when the bubble is static; the other is associated with flow-induced pressure variations in the neighborhood of the bubble tip and arises only when the bubble is moving. Both the static and dynamic contributions are affected by the presence of surfactant in complex ways. By reducing surface tension, surfactant can reduce the static capillary pressure drop across a curved interface. However, by adsorbing non-uniformly onto the air-liquid interface, surfactant generates gradients of surface tension. These interfacial forces are transmitted to the bulk liquid by viscosity, generating so-called "Marangoni" flows. Since the surfactant distribution is coupled to the bulk flow through a range of physical effects, the net effects of the surfactant are governed by multiple parameters and are hard to predict without detailed calculations.
For example, under certain circumstances the net effect of Marangoni flows is to rigidify the air-liquid interface, which increases the dynamic contribution to Π and thickens the deposited film. Under alternative conditions Marangoni flows can drive flows that thin the deposited film (18). These effects are illustrated for Infasurf in Figure 3 (a,b), which shows the dependence of λ and Π on C 0 at three fixed bubble speeds (see the curves marked 1-3). There is a clear transition in behavior as C 0 passes through the critical bulk concentration. In Figure 3 (c,d) we plot the corresponding dependence of λ and Π on the dimensionless speed parameter U=µU/γ eq (a capillary number, representing the relative strength of viscous to surface tension forces). Here the relationship shown in Fig. 2 has been used to determine γ eq for increasing C 0 over the range of concentrations shown in Fig. 3(a,b) . Because γ eq is constant for C 0 >C CBC (see Fig. 2 ), the three curves at constant U in Fig. 3 (c,d) terminate in vertical segments along which C 0 increases. For later reference, the solid continuous curves in Fig. 3 (c,d) (using data from (18)) illustrate the dependence of λ and Π on U arising when surface tension is assumed to be uniform, as it would be for a pure liquid. Figure 3( persist for large C 0 . Notice also that the deposited film thickness is elevated at low speeds but reduced at high speeds ( Fig. 3c ) relative to the uniform-surface-tension case.
Once the relation between p b and U has been determined, our model allows us to predict the corresponding shear and normal stresses (τ s and τ n respectively, see Fig. 1 (a))
exerted by the fluid on the tube wall, and the shape of the deformed tube R(x). We then suppose that lining the idealized airway in Fig. 1(a) is a thin layer of epithelial cells. By treating the cell layer as a uniform thin homogeneous linearly-elastic medium, having effective Young's modulus G, Poisson ratio ν P and undisturbed thickness H, we use predictions of τ s , τ n and R(x) to predict likely strains experienced by the cell layer during an airway reopening event. Our approximation exploits the fact that the airway wall is a composite structure, with a relatively stiff outer layer (including the basement membrane) that accommodates the fluid loading (modeled through the tube law, Eq. 1) and which is assumed to inhibit significant axial wall motion, and a much softer thinner lining (the epithelium) which is mechanically passive but which nevertheless deforms in response to the forces imposed upon it.
In APPENDIX A we explain how we integrate models for the flow, surfactant and cell layer. To describe the interaction between the flow of airway liquid, deformation of the tube wall and motion of the bubble, we derive a third-order nonlinear ordinary differential equation for the tube radius R(x) in the region ahead of the advancing bubble, supplemented by four boundary conditions (see Eqs. A2-A4). The reduction of the problem to such a simple mathematical form relies on the assumption that the wall tension is large compared to surface tension, an assumption that is likely to be increasingly justified in the presence of surfactant. The boundary conditions in Eq. A4 require us to include a functional relationship between λ, Π and U; the relationships shown in Figs. 2 and 3 allow us to include data specific to Infasurf (Fig. 3(c,d) ). This approach combines for the first time two existing and well-established models, one for the flexible-tube flow (33) and one for the surfactant (18). In APPENDIX A we also outline briefly a new approximate continuum model for the epithelial layer which captures deformations due to flow-induced forcing acting on the apical cell surface and substrate stretch acting on the basal surface. This model, described in detail in APPENDIX B (see Supplementary Material), enables us to predict the three dominant strains experienced by the epithelial layer, the azimuthal strain ε θθ , the radial strain ε rr and the shear strain ε rx (illustrated in Fig. 7 (a) below).
Baseline parameter values chosen to simulate a peripheral airway are listed in although strain-hardening effects may protect the cell from large deformations. We also explore the role of cell compressibility, by taking the Poisson ratio to be either ν P =0.5 or ν P =0.25.
BACKGROUND
To put later results into context, we first briefly review simulated airway reopening using our theoretical model of the physical system illustrated in Fig. 1(a) , assuming that surface tension is uniform along the air-liquid interface.
Reopening in the absence of surfactant: pushing and peeling. The curve marked γ eq =γ clean in Fig. 4(a) surface-tension forces, leads to an overall reduction in the pressure required to inflate the tube. The 60% reduction in surface tension in going from γ clean to γ sat leads in the example shown in Fig. 4 (a) to an 80% reduction in P bcrit , and also lowers the minimum speed for which peeling can occur. Overall, a uniform reduction in surface tension increases the range of pressures and speeds over which stable peeling reopening can occur.
We can regard the lower curve in Fig. 4 (a) as representative of a "perfect" surfactant, i.e. one that is able to reduce surface tension without inducing any surfacetension gradients. For real surfactants, of course, Marangoni flows cannot be avoided.
We now demonstrate the unavoidable effect of such flows by introducing spatiallyvariable surface tension to the problem.
RESULTS
Reopening in the presence of surfactant. The data reproduced in Fig. 3 allow us to simulate reopening at fixed bubble speed U for increasing values of the far-field bulk surfactant concentration C 0 for a fixed surfactant species (Infasurf). Increasing C 0 causes a reduction in γ eq (Fig. 2 ). This is therefore equivalent to an increase in the dimensionless speed parameter U=µU/γ eq , implying that viscous forces become increasingly important relative to capillary forces. We have used our model to compute the corresponding 3) to the case of a "perfect" surfactant for which the surface tension is uniformly lowered to γ eq = γ sat . Even for very large C 0 , the bubble pressure in the presence of Infasurf is higher than that for a "perfect" surfactant (reflecting the behavior of the function Π in . This non-monotonic behavior can be attributed to the effect of surfactant on the deposited film thickness (Fig 3(c) , case 1): for low U, with reopening in pushing mode, P b is proportional to 1/λ (15) and so Marangoni effects that increase λ can cause a corresponding fall in P b below the curve γ eq = γ sat (Fig 4(a) , case 1). As C 0 increases further, however, the bubble speed is low enough for the bulk surfactant to come into equilibrium with that on the surface, allowing P b to approach the curve γ eq = γ sat (point C). In summary, substantial pressure reductions are achieved in low-speed (unstable steady pushing) reopening, while slow adsorption limits the effectiveness of Infasurf in achieving maximal pressure reductions for high-speed (stable steady peeling)
reopening.
The describe the bubble-tip region explicitly. In practice the stresses will vary smoothly over a short distance near x=0. Detailed stress distributions near the bubble tip are not available for exactly these parameters from other studies. However, computational simulations at speeds characteristic of peeling motion (15) indicate that both the normal and tangential stress vary monotonically near x=0 over a length-scale comparable to R 1 .
In Fig. 6(a,b) we therefore smoothed predicted stress distributions using a function representative of simulations (see Appendix A) to illustrate the large stress gradients that arise near the bubble tip. A significant reduction in τ n in the bubble region is observed for large bulk surfactant concentrations ( Fig. 6(a) ). However, the stress magnitudes and gradients are otherwise largely unchanged by increasing the surfactant concentration (holding the bubble speed constant) although there is a significant reduction in the jump in normal stress across the bubble tip; because at these capillary numbers the length-scale of variation is unlikely to change significantly in the two cases, there is consequently a drop in the normal stress gradient across the bubble tip. surfactant (we made no attempt to smooth stress distributions across the bubble tip in this case). With pushing rather than peeling reopening, surfactant has a much more dramatic effect, substantially reducing both the distance over which fluid is displaced by the advancing bubble and stress magnitudes. Furthermore, non-monotonic shear-stress distributions can be expected to arise over short distances near the bubble tip for such low bubble speeds (4). However, the predicted stress distributions extend an unrealistic distance (many airway radii) ahead of the bubble, implying that neglected finite-length effects will undoubtedly be significant. Finally, comparing the dashed curves in Figs.
6(a) and (c) demonstrates the effect of a reduction in bubble speed with p b held (roughly) constant: the corresponding transition from peeling to pushing motion leads to a reduction in the magnitude and gradient of the stresses in the region ahead of the bubble.
However large stress variations across the bubble tip remain.
Cell deformation during airway reopening by peeling. We now use the wall stresses shown in Fig. 6(a,b) to determine the likely strains experienced by a thin layer of epithelial cells. We characterize the deformation of the cell layer using the three dominant strains (illustrated in Fig. 7a ), the radial strain ε rr , the shear strain ε rx and the azimuthal strain ε θθ . ε θθ is positive when the airway is dilated; stretching due to dilation also compresses the cell layer radially (causing ε rr <0), as does elevated internal pressure; ε rx arises from viscous shear stresses due to airway liquid flow. (Recall that the stiffer airway wall is load-bearing, whereas the softer and thinner cell layer is mechanically passive.) We assume initially that the cell layer is incompressible (see Fig. 7b ). Our model then predicts that the layer is almost insensitive to the normal stress distribution τ n (see Eq. A6) because it is thin, responding instead to wall stretch and shear stress. The tube is dilated in most of the inflated-bubble region (R>R 1 in x/R 1 <-5), stretching the cell layer azimuthally and (by incompressibility) compressing it radially, giving ε θθ >0 and ε rr <0. Elsewhere the tube is under compression (R<R 1 ), and we anticipate that here a real airway is likely to buckle to a non-axisymmetric configuration, preserving constant perimeter length, so shielding the epithelium from significant compression. We model this (very crudely) by setting ε θθ =ε rr =0 for R<R 1 ; the dominant strain is then assumed to be the shear strain ε rx induced by the shear stress τ s . (Both quantities will of course vary azimuthally if the tube is buckled; we treat them here as approximate averages around the cross-section.) Just as the predicted jump in shear stress τ s across x=0 (Fig. 6(b) ) is smoothed over a length scale comparable to R 1 , so the shear strain (which is proportional to τ s /G, Fig. 7 (b)) likewise varies smoothly but steeply near the bubble tip. We have used a large value of the cell's elastic modulus (G =50) to ensure that predicted shear strains are uniformly small (no more than 2%); experimental estimates suggest smaller values of G may be appropriate (1, 3, 37) , implying that proportionally larger shear strains may arise in practice. As in Fig. 6(a,b) , we show in Fig. 7 (b) the strains arising both with and without surfactant in peeling motion, assuming the bubble speed is constant. Surfactant reduces substantially the azimuthal and radial strains in the region where the tube is inflated, but does not have a large effect elsewhere. Fig. 7 (c) shows the corresponding strain distributions when the cell layer is assumed to be compressible (taking ν P =0.25).
The radial strain ε rr now has contributions both from azimuthal stretching (ε rr <0 where the tube is dilated) and from flow-induced normal stresses (notably across and ahead of the bubble tip, where ε rr >0 due to low fluid pressures). The magnitude of the flowinduced radial strain is once again limited by the large value of G used in the simulations.
As before, surfactant reduces radial and azimuthal strains arising from wall stretching, but it has only a limited effect on shear strains; surfactant also reduces the radial strain gradient across the bubble tip. In the context of the present model, it is only by allowing the thin cell layer to be compressible that flow-induced normal stresses generate appreciable cellular strains.
DISCUSSION
CT imaging of the ARDS lung provides evidence that airway recruitment occurs along the pressure-volume curve (12) and the associated distribution of reopening pressures indicates multiple types of atelectasis Evidence exists that liquid plugs and foam lamellae in conducting airways (rather than collapse) cause loss of aeration in the ARDS lung (40, 41) . Other studies provide evidence of the importance of recruitment at the alveolar level (24). Here, we have focussed on a third candidate mechanism of airway recruitment, namely the inflation of an initially flooded and collapsed airway by an advancing bubble of air. We have represented the airway with an idealized physical model ( Fig. 1(a) ), the relevance of which has been debated extensively elsewhere (14, 16, 47) . Accepting its potential limitations, we have developed a theoretical description of the physical model by exploiting approximations allowing a semi-analytical (rather than a fully computational) approach. In going from the real airway to the physical model, and in then going from the physical model to its theoretical description, we have been obliged to focus on a subset of key processes that we believe are of biomechanical and physiological significance. We must now assess the insights arising from our predictions in light of the approximations we have made. First, however, we review our main findings.
The biomechanics of airway reopening. Previous theoretical studies and
experiments indicate that the primary mechanism of reopening an airway that is initially collapsed and flooded along its length, if the airway is sufficiently deformable, is for an advancing bubble to peel apart the airway walls, overcoming the adhesive effects of surface tension and viscosity. Steady peeling motion is represented by the right-hand solution curves in Fig. 4(a) , computed for two different values of surface tension. Theory (Fig. 4(a) ) and that the effectiveness of this reduction is dependent on the mode of reopening and on the degree of initial airway collapse.
We find that in the presence of surfactant the two generic modes of reopening (slow pushing and rapid peeling) are preserved (Fig. 4a) . In pushing motion (case 1), the bubble advances slowly enough that high concentrations of surfactant in the bulk can come into equilibrium with that on the air-liquid interface, enabling a full and uniform reduction in surface tension to its minimum value (γ sat ) to be achieved. In peeling motion (case 3), the bubble travels too fast for the interface to be fully remobilized at high concentrations: the beneficial effect of a large global reduction in surface tension Cells deform in response to stretch and shear stress; compressibility mediates the response to normal stress. According to our model, the time-scale for reopening an individual airway in steady peeling motion is of the order of a few milliseconds (taking the minimum speed for peeling motion to be 7m/s, based on assuming µU/γ clean =0.1 in Fig. 4a , and assuming a typical airway length of a few mm; slower pushing motion may arise but it will be unsteady (23) and is therefore outside the framework of this model).
Such rapid reopening may correspond to "popping" behaviour reported experimentally (45). Because this time-scale is very short compared with measured epithelial cell viscoelastic relaxation times, we modeled the epithelial cell layer as an elastic material.
For simplicity, we assumed that the cell layer is uniform, homogeneous and isotropic;
there is little doubt that the cell's complex and dynamic internal architecture ensures that these three characteristics are very approximate and our results must therefore be interpreted cautiously. To keep our model simple we also worked in the small-strain framework of linear elasticity, an assumption consistent with the qualitative nature of the model. We also exploited the composite structure of the airway wall, whereby the stiff basement membrane balances the fluid loading, shielding the softer epithelial layer from excessive strains. Motivated by evidence from other studies indicating that some cells may exhibit compressible properties (8, 39), we considered both compressible and incompressible behaviour in the epithelium. Finally, we assumed that the cell layer is thin compared to the airway radius, allowing a simplified description of the elastic response to be developed. We then identified the dominant strains resulting from stretching of the airway wall and hydrodynamic forcing. These are radial and azimuthal strains (arising largely from airway-wall stretching) and shear strain (driven by viscous shear stress). In the incompressible limit, our model predicts that strains arising from normal stresses or normal stress gradients are negligible compared to those arising from shear and stretch. Assuming that the basement membrane preserves its perimeter by buckling when the airway is collapsed, protecting the epithelium from severe compressive forces, we found that the strains generated by shear forces are smaller than those arising from wall stretching when we assumed a large value of the cell layer's elastic modulus G (Fig. 7(b) ). Smaller (and possibly more realistic) values of G would lead to larger shear-induced strains. Large shear-strain gradients are predicted near the bubble tip. Crucially, the model shows that the cell layer exhibits a significant response to fluid normal stresses (pressures) only if it is compressible (Fig. 7(c) ). Our simulations also showed how the addition of surfactant (at fixed bubble speed) reduced stretch-induced axial and radial strains significantly, but not flow-induced shear strains. For a compressible cell layer, surfactant reduced the radial strain gradient across the bubble tip.
Limitations. There are numerous approximations that limit the validity of the present study. For example, we did not provide a consistent treatment of geometrical effects such as wall buckling (26), airway bifurcations, gas trapping, or instabilities of the liquid lining in the inflated section of airway (22, 46), all of which may have a significant effect either at the scale of the whole airway or at the scale of individual cells. We did not model explicitly the delivery of exogenous surfactant to a surfactant-deficient airway, but assumed instead that the surfactant was present in situ before reopening. We described only steady bubble motion and did not consider time-dependent modes of airway recruitment. (This is a particularly severe limitation, as the rapid peeling motion on which we have focused here, which is a stable steady solution of our model, is not representative of much slower unstable pushing motion that can occur transiently (23);
such unsteady behavior merits further investigation.) We decoupled surfactant effects near the bubble tip (region II in Fig. 1(a) ) from the flow-structure interaction region (III)
ahead of the bubble; we cannot be confident that recirculation zones extending into region III may not disturb the bulk surfactant concentration from its assumed uniform value, nor that non-axisymmetric effects associated with airway buckling introduce anisotropy, inhomogeneity or non-uniform topology (31)) may instead be responsible for generating the strain leading to mechanical damage in the flow-chamber experiments.
The role of surfactant in mediating epithelial damage. The operating conditions under which we were able to simulate surfactant-mediated reopening (at fixed bubble speed, varying the bulk surfactant concentration) give limited insight into the full spectrum of conditions likely to arise in practice. However an effective surfactant that can both reduce surface tension substantially and adsorb rapidly at high concentrations enables the steady reopening of an airway by peeling apart the airway walls to occur at reduced pressures and lower speeds (Fig. 4) . The reduction in reopening pressure lowers the stretch-induced radial and azimuthal strains in airway epithelial cells in the inflated section of the airway (Fig. 7 b,c) ; thereby, surfactant can potentially limit damage via volutrauma. However the peeling mode of reopening is a dynamic process that cannot occur at very low speeds so that, even in the presence of an effective surfactant, viscous shear and normal forces can generate significant shear (and, for compressible cell layers, large radial) strains. In this sense, surfactant does not appear to provide such substantial protection against this potential mechanism of atelectrauma. The protective effects of surfactant noted in flow-chamber experiments (4) at low capillary numbers characteristic of pushing motion may not be relevant to the more rapid peeling behavior illustrated in Fig. 7 . Nevertheless, assuming the cell layer is compressible, our model shows how surfactant can reduce radial strain gradients at the bubble tip ( Fig. 7(b) ), an effect that correlates with lower normal stress gradients. (4, 35) showing that cell damage correlates with normal-stress gradients.
Conclusions

APPENDIX A
We describe here how we integrate three theoretical models operating at distinct length scales in Fig. 1(a) , one describing the liquid flow in the deformable tube, one describing the effects of surfactant operating near the bubble tip and one describing deformation of the thin layer of cells lining the airway wall.
Flow model.
We represent the liquid in the airway as a single-phase incompressible Newtonian liquid with viscosity µ. For simplicity we ignore gravitational, viscoelastic and inertial effects, assuming the dominant resistance to motion comes from viscous forces. The effects of inertia and viscoelasticity in this problem have been described elsewhere (see for example Refs. (27, 29)). The liquid carries a surfactant that adsorbs to the air-liquid interface of the bubble where it reduces the surface tension γ in a manner described below.
We need to compute (in principle) the air-liquid interface location, the tube wall shape, the internal flow and the surfactant distribution. However instead of solving the full problem computationally, which is feasible but challenging, we reduce the problem to a more tractable form by exploiting some systematic approximations developed previously (15, 23, 33, 44) . One necessary condition allowing this approach is that the wall tension T should be large compared to γ, which ensures that wall slopes are uniformly small. The flow may then be decomposed into three distinct regions (illustrated in Fig. 1a ) in which different forces dominate: the inflated bubble (region I), the bubble tip (region II), and the liquid-filled tube (region III). We now outline briefly how we reduce the problem to a nonlinear ordinary differential equation for the tube radius R(x) in region III (Eq. A3 below), subject to boundary conditions capturing physical effects operating in regions I and II.
It is convenient first to recast the problem in nondimensional variables, i.e.
variables scaled on characteristic length and time scales of the problem. Given the farfield bulk surfactant concentration C 0 , a corresponding equilibrium surface tension γ eq and the radius R 0 of the tube where it is collapsed far ahead of the bubble, we choose as a unit of length R 0 , pressure γ eq /R 0 , speed γ eq /µ, volume flux (γ eq /µ)R 0 2 and surface tension γ eq . We can then define a set of dimensionless parameters that describe the relative importance of different physical effects. Describing the wall mechanics are E=ER 0 /γ eq (which compares spring stiffness to surface tension), T=T/γ eq (which compares longitudinal tension to surface tension) and ζ=R 0 /R 1 (which measures the degree to which the tube far ahead of the bubble is collapsed relative to its unstressed state). Additional parameters characterizing the surfactant are discussed further below. We seek the relationship between the dimensionless bubble speed U=µU/γ eq and the dimensionless bubble pressure p b * =p b R 0 /γ eq .
We now describe the dominant forces acting in each of the three regions illustrated in Fig. 1 . In region I the tube wall is in equilibrium with its shape determined by Eq. 1 and the liquid layer sits passively on the wall with approximately uniform thickness and uniform surface tension. Since T>>γ eq , the pressure in the liquid is that of the bubble minus the capillary pressure drop across the approximately cylindrical airliquid interface (p≈p b -γ eq /R), and so Eq. 1 (which we re-express in dimensionless variables using R(x)= R 0 R * (x * ), x=R 0 x * and p=(γ eq /R 0 )p * ) becomes
This equation may be integrated once to derive a relation between the tube radius R * (0) and its slope R * x* (0) at the bubble tip. Specifically, if the tube radius far behind the bubble in region I is R ∞ =R 0 R ∞ * (see Fig. 1(a) ), so that p b
where
In region II, the large longitudinal tension means that the tube radius is almost uniform in the neighborhood of the bubble tip, so that the flow locally resembles that near the tip of a bubble advancing in a uniform rigid tube. This problem has been studied intensively by numerous workers, either neglecting or including the effects of surfactants Fig. 3(c) ). The pressure parameter is significant because it contributes to the net force required to drive the bubble along the tube. Marangoni flows typically increase this pressure drop relative to the surfactant-free case (Fig. 3d ).
Region III is the long liquid-filled region ahead of the bubble tip. Here we may exploit the slender geometry (using lubrication theory) to derive a simplified representation of the flow. The shape of the tube generates an internal pressure field
x*x* (from Eq. 1). Pressure gradients drive flows along the tube at rates determined by viscous forces. In the moving frame of reference, the dimensionless 
/2+R
*4 p * x* /16) (the term proportional to U is present because we are working in a moving frame; the term proportional to the pressure gradient is that arising for Poiseuille flow in a cylindrical tube). Mass conservation demands that the flux is uniform along region III, so that Q * is determined by its downstream value -πU/2. Thus we obtain
, with R * →1 as x * →∞.
We now use regions I and II to provide boundary conditions for region III at x * =0. These ensure continuity of flux, wall slope (Eq. A2) and pressure across the bubble tip,
The problem has therefore been reduced to solving a third-order nonlinear ordinary differential equation subject to four boundary conditions (Eqs. A2-A4). Because the number of boundary conditions exceeds the order of the governing differential equation, solutions exist only for particular values of U. We determine U and the corresponding R * (x * ) numerically using a finite-difference approximation and Newton's method. The model in the absence of surfactant has been validated against full numerical simulations and experiment (33): it is quantitatively accurate provided (U/T) 1/3 is small compared to unity and qualitatively accurate otherwise.
Surfactant model.
To close the model we must specify how λ and Π depend on conditions in the neighborhood of the bubble tip. Here we turn to numerical studies of Ghadiali & Gaver Variation of a single dimensionless parameter, keeping others fixed, requires the coordinated variation of a number of physical quantities. Of more direct value here is the companion study (17) in which the surfactant concentration C 0 is varied, with other physical quantities (including the bubble speed U) held constant. Figure 3(a,b) shows the data for Infasurf from (17) , showing how λ and Π vary with C 0 /C CBC for three different bubble speeds. For each value of C 0 we can determine γ eq (see Fig. 2 ) and hence U=µU/γ eq ; Fig. 3(c,d) shows λ and Π plotted against U for three bubble speeds: these relationships are used when solving the flow model through Eq. A4.
Cell model.
We model the epithelium lining the airway wall as a thin, uniform, homogenous, isotropic, planar elastic layer (see Fig. 1(a) ). The time taken for an airway to reopen in peeling motion (of the order of 10-50 ms in the example shown in Fig. 4 ) is shorter than typical viscoelastic relaxation times within cells (of the order of 2s (37)), so that the cells are assumed to behave as elastic rather than viscous structures, although our formulation may be extended to account for viscoelastic behavior. The layer has Young's modulus G,
Poisson ratio ν P and undisturbed thickness H c . Since the cells are much thinner than the airway radius (φ=H c /R 1 <<1), we neglect the effect of the cells on the reopening model outlined above.
The cell layer is initially assumed to be unstressed when the tube is unstressed azimuthally (R=R 1 ) and under longitudinal tension T. We use the quasi-steady equilibrium equations of linear, incremental elasticity to describe the displacement field equations and boundary conditions, and their reduction to a simplified form assuming the cell layer is thin and wall slopes are small, following the thin-elastic-layer continuum approach developed in Refs. (7, 21 ). Here we simply record the resulting expressions for the cell deformation and strains. The relative strength of elastic stresses relative to surface-tension-induced stresses in the cell layer is represented by the dimensionless parameter G=GR 1 /γ eq . This is assumed to be large to ensure that flow-induced deformations in the cell layer (of magnitude H c /G) are small compared to H c . We set δ=1-2ν P (so that a nearly incompressible material has δ close to zero) and write the axial and radial displacements respectively as
where r=R+H c r * is the radial coordinate varying through the cell layer (-1<r 
Equation (A5) is a composite expression that captures the correct leading-order behavior for both compressible and almost incompressible materials. The axial deformation u * is driven by shear stress only (longitudinal wall stretching is negligibly small since the longitudinal tension is assumed uniformly large). The radial deformation v * has two components: one proportional to the imposed normal stress that is significant when the cell layer is compressible (δ>0); and one arising from azimuthal wall stretching that is dependent on R * (x * ). Assuming the tube remains axisymmetric, wall stretching will induce strains that are large, violating the assumption of linear elasticity. To bypass this difficulty, we assume that when the tube is under compression it buckles to a nonaxisymmetric shape, preserving its perimeter, allowing us to "switch off" azimuthal stretching terms when R<R 1 , while retaining them when R>R 1 . Knowing the deformations we may determine the leading-order radial strain ε rr , the shear strain ε rx and the azimuthal strain ε θθ evaluated at the liquid-cell interface, which take the form
Here we have introduced the function Θ(z)=1 if z>0 and Θ(z)=0 if z<0, accounting for the fact that stretching is "switched off" when the tube collapses. In the thin-layer limit the axial strain is negligibly small. For a thin incompressible layer (δ=0), the normal stress has negligible effect on radial strains (the reasons for this are explained in detail in APPENDIX B), and the only effect of fluid flow that leads to deformation is through shear stress. In deriving Eq. A6 we have neglected all terms of magnitude φ or smaller, including for example terms proportional to normal stress gradients. Even where such gradients are large (for example near the bubble tip), the cell layer is thin enough for the corresponding strains to be substantially smaller than those given in Eq. A6.
Finally, the model as it stands is not uniformly valid near the bubble tip (the predicted stress distributions in regions I and III in Fig. 1(a) are discontinuous across region II, which we do not resolve explicitly). It is therefore helpful to smooth the stress distributions (and the resulting cell strains) across region II in a manner consistent with numerical studies of bubble motion in tubes at capillary numbers consistent with peeling motion (15, 18) . We used following smoothing functions:
where β and γ are chosen to match with the stress distributions as x * →0 from below in region I and x * →0 from above in region III.
APPENDIX B (TO BE PRESENTED AS ONLINE SUPPLEMENTARY MATERIAL)
Cell layer model: Governing equations and boundary conditions
We model the epithelium lining the airway wall as a thin, homogenous, isotropic, elastic layer. We use linear elasticity theory to determine the layer displacement field.
Our starting point is the quasi-steady equilibrium equation
where σ is the stress tensor in the solid and div is the divergence operator. The stressstrain constitutive relationship is σ = λ I tr (ε) + 2µ ε,
where λ=ν p G/((1+ν p )(1-2ν p )) and µ=G/(2(1+ν p )). In Eq. B2, I is the identity tensor, ε is the strain tensor, tr (ε) is the sum of the diagonal components of ε, λ and µ are the Lamé constants, ν p is the Poisson ratio (0 ≤ ν p ≤ 0.5) and G is the Young's modulus. The straindisplacement relations are given by ε = ( grad u + grad u T )/2, where u is the displacement field and grad the gradient operator. Substituting Eq. B2 into Eq. B1 gives the displacement field formulation of the equilibrium (Navier-Lamé) equations
where ∆ is the Laplacian and δ =1-2ν p (0 ≤ δ ≤1).
To illustrate how the problem simplifies in the thin-layer limit, we consider first a plane elastic layer occupying 0≤y≤h, -∞<x<∞, subject to a stress (F T (x),-F N (x)) on y=h and zero displacement on y=0, where F T and F N vary on a length-scale L>>h. We therefore write Ф=h/L and set x=x'/ Ф, assuming x'/h is of order unity. Suppose first that δ is not close to zero, so that the layer is compressible. Then, performing a standard long-wavelength expansion, to leading order as Ф→0 (i.e. for a very thin layer), Eq. (B3) reduces to u yy =0, v yy =0 in 0≤y≤h; the stress balance at y=h becomes u y = F T (3-δ)/G, v y =- 
which shows how the layer can be affected by gradients in normal and shear stress.
Evaluating the strains at y=h in each case, and replacing x' with Фx, we can then construct the following composite expressions valid for both compressible and incompressible layers,
Since F N and F T vary over a length-scale L>>h, each successive term in these expressions (involving a higher derivative of F N and F T ) is a factor Ф smaller than its predecessor.
The shear strain ε xy is always dominated by F T . The normal strain ε yy is dominated by F N unless the layer is incompressible (δ→0), in which case the dominant strain is proportional to F T,x h /G (and is therefore small due to the factor h/L). This reflects the intuitive observation that it is hard to compress a thin, almost incompressible layer. Thus as long as the imposed forces vary over length-scales long compared to the layer depth, strains arising from normal stress gradients are always subdominant to those due to shear stresses.
Turning now to an elastic layer lining an airway as in Fig. 1 , the axisymmetric form of Eq. (B3) can be written as
where u and v are the displacements in the axial and radial directions, respectively. The subscripts x and r in Eq. B5 represent derivatives. The corresponding boundary conditions that we impose are
The subscript "l" denotes the liquid phase, σ l = -p l I + µ l ( grad u l + grad u l T ) is the liquid stress tensor, p l is the liquid pressure, µ l is the liquid viscosity, u l and v l are the liquid velocities in the axial and radial directions, respectively, n is the unit outward normal at the layer's free surface, R(x) is the tube radius, R 1 is the unstressed tube radius and H c is the cell layer thickness. The cell layer is assumed fixed to the wall on its basal surface, Eq. (B5c) implies negligible axial stretching, Eq. (B5d) accounts for stretching due to tube inflation and Eq. (B5e) imposes continuity of stresses between the liquid and the solid phases at the layer's free surface. Using the definitions of σ and σ l , Eq. (B5e) can be re-written as
which are the normal and tangential components, respectively, of the stresses at the layer free surface.
Changing to a frame of reference fixed to the moving tube wall, we introduce new variables r̃ = r −R (-H ≤ r̃ ≤ 0) and ṽ = v −R + R 1 , and assume that the displacement field depends on r̃ while all the flow variables depend on r. The problem is nondimensionalized as follows:
where G = GR 1 /γ eq is a stiffness parameter. Substituting Eq. B6 in Eq. B5 gives (dropping asterisks for brevity)
(
where φ = H c /R 1 and ζ = R 0 /R 1 .
We now exploit the assumption that wall slopes are uniformly small (R x <<1) and that the cell layer is thin (φ <<1). The leading-order analysis described below neglects terms that are order R x or φ (or smaller) enabling us to reduce Eq. B7 to a simplified form, in the same spirit as the planar example above. We then seek asymptotic solutions of the reduced problem for δ>0 of order unity (a compressible layer) and δ=0 (an incompressible layer). A composite formula is then constructed which is uniformly valid for all values of δ. 
Integration gives the following displacement field:
Case II: Almost incompressible layer (δ of order φ 2 ). The scalings in this case are motivated by the incompressibility criterion ( ṽ r̃ + φ ṽ /ζR + (G /(3-δ)) (1− 1 / ζR ) + φ u x = 0 ). This suggests that ṽ ∝ φ and the stretch due to inflation (ζR −1) ∝ φ. The leadingorder equations for this case are then given by (ṽ r̃ +φu x ) r̃ =0, u r̃ r̃ +(φ/δ)( ṽ r̃ + φ u x ) x = 0, subject to the boundary conditions
Integrating, we obtain to leading order in φ
We can write a composite formula using Eqs. (B8, B9) which is uniformly valid for all δ as follows (giving Eq. A5):
As indicated by the planar example above (see Eq. B4), when δ = 0 (an incompressible layer), the wall normal stress τ n has no influence on the layer displacement and is influenced only by the wall shear stress τ s and wall inflation. However, when the layer is compressible, τ n plays a significant role in the layer displacement. Finally, we can write the strains using the expressions for the displacements in Eq. B10. The non-zero interfacial strains are given in composite form (see Eq. A6) as
Notice that the terms involving τ n and τ s are consistent with the leading-order terms in (B4a,c) for ε xx and ε xy . We found that higher-order terms in (B4a,c) made negligible difference to our predicted strain distributions (Fig. 7) for the parameter values given in 
